Differential splice site pairing establishes alternative splicing patterns resulting in the generation of multiple mRNA isoforms. This process is carried out by the spliceosome, which is activated by a series of sequential structural rearrangements of its five core snRNPs. To determine when splice sites become functionally paired, we carried out a series of kinetic trap experiments using pre-mRNAs that undergo alternative 5 splice site selection or alternative exon inclusion. We show that commitment to splice site pairing in both cases occurs in the A complex, which is characterized by the ATP-dependent association of the U2 snRNP with the branch point. Interestingly, the timing of splice site pairing is independent of the intron or exon definition modes of splice site recognition. Using the ATP analog ATP␥S, we showed that ATP hydrolysis is required for splice site pairing independent from U2 snRNP binding to the pre-mRNA. These results identify the A complex as the spliceosomal assembly step dedicated to splice site pairing and suggest that ATP hydrolysis locks splice sites into a splicing pattern after stable U2 snRNP association to the branch point.
The splicing of nuclear pre-mRNAs is a fundamental process required for the expression of most metazoan genes. It is carried out by the spliceosome, which recognizes splicing signals and catalyzes the removal of noncoding intronic sequences to assemble protein-coding sequences into mature mRNAs prior to export to the cytoplasm and translation (4) . Of the approximately 25,000 genes carried by the human genome (16) , more than 70% are believed to produce transcripts that are alternatively spliced, enriching the proteomic diversity of higher eukaryotic organisms (18) . Because regulation of this process can determine when and where a particular protein isoform is expressed, changes in alternative splicing patterns modulate many cellular activities. Consequently, the process of splicing must occur with a high degree of specificity and fidelity to ensure the appropriate expression of functional mRNAs. Commitment to splice site pairing constitutes the most crucial point in the generation of mRNA isoforms, because it sets in stone unique splicing patterns of pre-mRNAs.
For several years it has been possible to evaluate the formation of the mammalian spliceosome in vitro (39) . At least four distinct complexes can be resolved by nondenaturing gel electrophoresis, in the order E3A3B3C (6, 22) . These complexes differ in composition and order of appearance, suggesting a sequential model of spliceosome assembly. This progression requires the activity of more than 150 distinct protein factors and the U1, U2, U4, U5, and U6 snRNAs (20) . The first intermediate of this assembly reaction is the E complex, which is characterized by stable interactions of the U1 snRNP with the 5Ј splice site (2, 17, 27) and of the U2 auxiliary factor with the polypyrimidine tract (2, 34, 43) . ATP hydrolysis then leads to the formation of the A complex, which is characterized by the stable association of the U2 snRNP with the branch point/3Ј splice site sequence. The B complex and the catalytically active C complex then form after the incorporation and rearrangement of the U4-U6/U5 tri-snRNP. Even though it is well established that the formation of the first ATP-independent spliceosomal complex commits the premRNA to the general splicing pathway (32) , it is unclear if this step also coincides with a commitment to alternative splice site choice.
Several structural studies have shown an association between the 5Ј splice site and the 3Ј splice site at the E complex (8, 21, 26) . Biochemical purification demonstrated that the U2 snRNP is loosely associated with the E complex (7) and that its presence is required for E complex formation (9) . The U2 snRNP was found to be in close proximity to the U1 snRNP and to the 5Ј and 3Ј splice sites (8) , suggesting that the U1 and U2 snRNPs already bridge the splice sites in the E complex. We have previously determined that alternative 3Ј splice site pairing coincides with A complex formation (25) . These results demonstrated that even though a pair of 5Ј and 3Ј splice sites may be in close proximity in the E complex (8, 21) , their association remains dynamic until ATP-dependent formation of the A complex.
In this work, we use a functional splice site pairing assay to determine at which stage during spliceosomal assembly alternative 5Ј splice site or alternative exon inclusion patterns are established. We show that splice sites are paired during A complex formation, regardless of the type of alternative splicing assayed. Interestingly, the timing of splice site pairing is independent from the intron or exon definition modes of splice site recognition. Using the slowly hydrolysable ATP analog ATP␥S during preincubations, we were able to demonstrate that splice site pairing has not occurred, even though higherorder A complexes are able to form. These results are consistent with the proposal that a dedicated ATP hydrolysis event is utilized for splice site pairing. Together, these data show that the assembly pathways of the spliceosome for different types of alternative splicing converge to a common pathway after A complex formation.
MATERIALS AND METHODS

RNAs.
The substrate for alternative 5Ј splice site selection, fruF, was generated as previously described (24) . The substrate for testing alternative exon inclusion, ␤G skip , is a fusion of the human ␤-globin precursor containing exon 1, intervening sequence 1, and exon 2 (33) . The fusion generates a three-exon substrate, which was further modified to increase the 5Ј splice site strength of exon 1 and to increase the length of intron 2. Detailed information regarding the generation of ␤G skip is available in the supplemental material. fruF and ␤G skip were linearized with XhoI and ClaI, respectively, prior to transcription.
In vitro splicing and kinetic trap assay. In vitro splicing reactions were carried out in 30% HeLa cell nuclear extracts as previously described (13) . For fruF, the presence of saturating amounts of recombinant His-tagged Tra/Tra2 proteins (400 nM) was used to activate female-specific splicing. Recombinant Tra/Tra2 were purified as described previously (35) . ␤G skip reactions were carried out in 60 mM KCl and in the presence or absence of 3% polyvinyl alcohol (PVA) (ICN Biomedicals; molecular weight, 15,000). PVA is a molecular crowding agent that increases the effective concentration of larger molecules, including splicing components and regulators. By including PVA, the effective concentration of a crucial splicing factor (unknown for ␤G skip ) is increased over a threshold to induce preferential exon inclusion (13) . To deplete extracts of ATP for E complex enrichment, HeLa cell nuclear extracts were incubated at 37°C for 30 min prior to use (25) .
The kinetic trap assay to test commitment to splice site pairing followed published protocols (25) . For fruF, all reaction mixtures were assembled with radiolabeled fruF in the presence or absence of Tra/Tra2 and were preincubated in ATP-depleted nuclear extracts at 30°C for 30 min in the absence of ATP and creatine phosphate to enrich the mixture in E complex. The reactions were then chased with ATP, creatine phosphate, and Tra/Tra2 (if needed), and mixtures were incubated at 30°C for 90 min. Competitor pre-mRNA was added when necessary. For reactions marked 5, 10, 15, and 20 min, after E complex enrichment, ATP and creatine phosphate were added and left for the corresponding amount time for a secondary preincubation at 30°C. Following these secondary preincubations, the reactions were chased at 30°C for 90 min with ATP, creatine phosphate, Tra/Tra2, and competitor pre-mRNA when necessary. Reaction lariats were visualized and quantitated by PhosphorImager analysis to monitor changes in splicing. Each kinetic trap assay was repeated at least four times. Kinetic analyses for commitment to splice site pairing were based on the switch from female to cryptic splicing after normalization to the observed ratio at the E complex. Rates were determined as previously described (13) .
To test commitment for ␤G skip , 20-l reaction mixtures were assembled with radiolabeled ␤G skip in either the absence or presence of 3% PVA and preincubated in ATP-depleted nuclear extracts at 30°C for 30 min to enrich the mixture in E complex. The chase was initiated by adding 20 l of a chase mix containing 1 mM ATP, 20 mM creatine phosphate, 3.2 mM MgCl 2 , 12 mM HEPES (pH 7.9), 60 mM KCl, 30% HeLa nuclear extract, and 6% PVA. The final reaction volume of 40 l was then incubated for 90 min at 30°C. For reactions marked 5, 10, 15, and 20 min, following E complex enrichment, ATP and creatine phosphate were added for a secondary preincubation at 30°C. Following the secondary preincubation, the chase reaction was initiated by changing the PVA concentration to 3% and continuing incubation at 30°C for 90 min. Reaction lariats were visualized and quantitated by PhosphorImager analysis, and each kinetic trap assay was repeated at least four times. Kinetic analyses for commitment to splice site pairing were based on the switch from internal exon inclusion to exclusion after normalization to the observed ratio at the E complex. Rates were determined as previously described (13) .
Kinetic trap assay for intron definition. To test commitment to splice site pairing in intron definition, a reverse ␤G skip chase was carried out. Instead of changing conditions from 0% PVA to 3% PVA, the reaction conditions were changed from 4% PVA to 1% PVA. This was achieved by setting up 10-l preincubation reaction mixtures (at 4% PVA) that were eventually combined with a 30-l chase reaction mixture (at 0% PVA). All other conditions were identical to those described above.
Kinetic trap assay for ATP hydrolysis. Reaction mixtures were assembled with radiolabeled fruF pre-mRNA in HeLa nuclear extracts depleted of ATP in the presence of 1 mM ATP␥S [adenosine-5Ј-O-(3-thiotriphosphate); Roche Diagnostics] and were preincubated at 30°C for 30 min; 400 nM Tra/Tra2 was added to a control reaction mixture where specified. Following the preincubation, 400 nM recombinant Tra/Tra2 was added to the reaction mixture where necessary, and ATP, creatine phosphate, and competitor pre-mRNA were added to all reaction mixtures for a 90-min chase incubation at 30°C. Reactions were analyzed as described above.
Spliceosome complex formation. To analyze E complex formation, radiolabeled fruF or ␤G skip reaction mixtures were assembled under splicing conditions and resolved by native agarose gel electrophoresis as previously described (6) . For analysis of ATP-dependent complexes, radiolabeled fruF and ␤G skip reaction mixtures were assembled in ATP-depleted extracts to enrich the mixture in E complex. ATP was then added to reaction mixtures and incubated at 30°C for various times. Reactions were then resolved by 3% nondenaturing polyacrylamide gel electrophoresis (PAGE) analysis for 10 h as previously described (22) . Complex formation of nuclear extract depleted of U4 snRNA was determined as previously described (14) . To analyze complex formation in the presence of ATP␥S, reaction mixtures were assembled as described above and incubated at 30°C for 10, 30, and 45 min prior to loading for 3.5% nondenaturing PAGE.
RESULTS
Commitment to alternative 5 splice site pairing occurs in the A complex. We have recently demonstrated that alternative 3Ј splice site selection coincides with A complex formation (25) . To test the generality of this initial observation, we analyzed when commitment to splice site pairing is established for additional alternative splicing events, alternative 5Ј splice site selection, and alternative exon inclusion. As a model substrate for alternative 5Ј splice site selection, we used a previously characterized minigene of the Drosophila melanogaster fruitless (fruF) gene product (24) . In the presence of the SR-like proteins Transformer and Transformer 2 (Tra/Tra2), the femalespecific proximal 5Ј splice site is activated (Fig. 1A) . When these splicing activators are absent, a cryptic distal 5Ј splice site is preferentially selected. Importantly, addition of recombinant Tra/Tra2 protein resulted in a significant switch from cryptic to female spliced product ( Fig. 2A, lanes 1 and 3) .
Prior to evaluating commitment to splice site pairing, we tested whether the efficiency of splicing depended on the addition of Tra/Tra2. Time course experiments demonstrated that the addition of recombinant Tra/Tra2 did not alter the kinetics of spliced product appearance; only splice site choice was affected (see Fig. S1A in the supplemental material). To test commitment to splice site pairing for fruF, we used an in vitro kinetic trap assay that we have recently developed (25) . Briefly, by changing reaction conditions (chase) after enrichment of spliceosomal intermediate complexes (preincubation), this assay identifies the spliceosomal assembly step that coincides with commitment to a particular splicing pattern (Fig.  1A) . Enrichment of the E complex can be achieved by incubating radiolabeled pre-mRNAs in extracts depleted of ATP. Thus, one of the reactions was assembled in ATP-depleted extract without recombinant Tra/Tra2 (Fig. 1A , pathway I), setting up preferential cryptic splice site selection. After complex enrichment, the reaction was chased by the addition of recombinant Tra/Tra2, which promotes the use of the female 5Ј splice site. If commitment to splice site pairing occurred during or prior to formation of the stalled complex in the preincubation, then adding Tra/Tra2 would not change the outcome of the reaction, and the cryptic 5Ј splice site would still be preferred. However, if splice site pairing was not estab- To obtain meaningful data from the kinetic trap assay, it is essential that spliceosomal intermediate complexes can be enriched during the preincubation period. The earliest detectable spliceosomal intermediate complex, the E complex, is easily accumulated by incubating splicing reaction mixtures in nuclear extract depleted of ATP. As demonstrated by native agarose gel electrophoresis, incubation of fruF in nuclear extract depleted of ATP for 30 min resulted in significant enrichment of the E complex (Fig. 1B) . To enrich fruF in the A complex, a similar but modified approach was used. We have previously demonstrated A complex enrichment after short incubations of stalled E complex with ATP (19, 25) . Due to the large size of fruF, we used 3% native PAGE to follow timedependent higher-order complex formation after E complex enrichment ( Fig. 1C) (22) . Incubation of fruF in extracts depleted of U4 snRNP served as a marker for A complex formation. Five minutes after the addition of ATP, only a small fraction of pre-mRNAs progressed from E to A complex. At the later time points the majority of fruF pre-mRNAs converted into A, B, and C complexes. Importantly, B complex formation was observed only after a 5-min lag ( Fig. 1C and Fig.  2B ). This delay is expected because the spliceosome forms in a stepwise fashion; for example, B complex formation requires prior A complex assembly. Quantitation of these data demonstrated that the A complex formed at a rate of 0.15/minute Ϯ 0.02 ( Fig. 1C and Fig. 2B ).
To test the hypothesis that commitment to alternative 5Ј splice site selection occurs during A complex formation, the kinetic trap assay was carried out with fruF. Reaction mixtures were preincubated to form the E complex, and then either chase was carried out to test if commitment to splice site pairing occurred in the E complex or ATP was added and left for 5, 10, 15, or 20 min to allow higher-order complexes to assemble prior to the initiation of the chase. As expected, in the presence of Tra/Tra2, female-specific splicing was preferred at the E complex ( Fig. 2A, lane 4) , and in the absence of Tra/Tra2, cryptic 5Ј splice site activation was favored ( Fig.  2A, lane 5) . However, when the E complex was enriched in the absence of activators and then chased with Tra/Tra2, a clear preference for female splicing was observed ( Fig. 2A, lane 6) . These results were similar to those obtained when Tra/Tra2 were present from the beginning of the reaction, demonstrating that commitment to alternative 5Ј splice site pairing had not occurred in the E complex. Once ATP was added to the reaction mixture and left for just 5 min after E complex enrichment, the preference for cryptic splicing increased. This trend continued with the 10-, 15-, and 20-min secondary ATP incubations ( Fig. 2A, lanes 7 to 10) . From these data points we derived the rate of switching between female-specific to cryptic 5Ј splice sites to be 0.15/minute Ϯ 0.03 (Fig. 2B ). This rate essentially represents the rate of commitment to splice site pairing. When evaluating the kinetics for commitment to splice site pairing, it is apparent that the rate profile does not contain an obvious lag as has been observed for B complex formation. In addition, the calculated rate for splice site commitment (0.15/minute Ϯ 0.03) is identical to the observed rate for A complex formation (Fig. 2B) . We conclude from these observations that commitment to alternative 5Ј splice site pairing coincides with A complex formation. To control for the possibility that not all of the fruF pre-mRNA had formed E complex during the preincubation or that the spliceosome reformed on some pre-mRNAs during the chase, we performed the same experiments in the presence of 100 nM unlabeled ␤-globin pre-mRNA competitor (25, 27) . Adding this concentration of pre-mRNA at the beginning of the reaction inhibited all formation of spliced product, as the excess unlabeled substrate squelched the splicing of the radiolabeled substrate (see Fig.  S2 in the supplemental material). When unlabeled pre-mRNA was added to the chase incubation of the reaction mixtures, the rate of commitment to alternative 5Ј splice site pairing was not altered (Fig. 2A, lanes 11 to 17, and B) . These experiments confirm that commitment to a splicing pattern occurred in the A complex for alternative 5Ј splice site pairing.
Commitment to alternative exon inclusion occurs during A complex formation. Since alternative 3Ј and 5Ј splice sites are selected for a particular splicing pattern during A complex formation, we set out to determine if the mechanisms of alternative exon inclusion work in a similar fashion. For this set of experiments, we made use of a pre-mRNA substrate (␤G skip ) that switches between exon inclusion and exon exclusion upon the addition of the molecular crowding agent PVA (Fig. 3A) . PVA increases the effective concentration of larger molecules, including splicing components and regulators. By including PVA, the effective concentrations of splicing factors are increased to induce preferential exon inclusion (13) . When PVA is absent from the reaction mixture, both inclusion and exclusion of the internal exon are observed, with exclusion being the After preincubation in extract depleted of ATP, reactions were chased by the addition of ATP and creatine phosphate. The presence or absence of ATP, Tra/Tra2, and competitor pre-mRNA and the length of ATP incubation prior to chase initiation are indicated above each lane. "Preincubation" refers to the initial reaction conditions, "2nd preincubation" refers to the addition of ATP for the corresponding amounts of time in minutes so ATP-dependent complexes could form, and "chase" refers to changes in reaction conditions following either the primary or secondary preincubation. Error bars represent the standard deviations from at least four independent experiments. The identity of splicing intermediates and products is indicated to the right. Quantitation of female to cryptic splicing is based on lariat formation and is graphed below each lane. The number below each bar is the mean value from four independent experiments. (B) Kinetic analysis of commitment to splice site pairing based on the data shown in panel A. Observed rates are compared to the observed rates for A complex formation from Fig. 1C . The ratio of inclusion to exclusion was normalized to the ratio at time zero and subtracted by one to get the fraction committed.
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at UNIV OF CALIFORNIA IRVINE on January 28, 2009 mcb.asm.org favored product (Fig. 4A, lane 3) . However, inclusion was favored when PVA was added to the splicing reaction mixture (Fig. 4A, lane 1) . As was observed with fruF, the kinetics of splicing product appearance were unaltered in the presence or absence of PVA (see Fig. S1B in the supplemental material). Native agarose gel electrophoresis of ␤G skip pre-mRNA in the absence of PVA demonstrated essentially complete E complex formation after a 30-min incubation in extract depleted of ATP (Fig. 3B ). In addition, the kinetics of A complex formation were analyzed by enriching in the E complex, followed by a secondary incubation with ATP for either 5, 10, or 20 min prior to loading for native 3% PAGE as described for fruF. The A complex was the main complex observed after 5 min, followed by a shift to B/C complexes after 10 min. Rate analysis of the gel shift data showed that the rate of A complex formation was 0.17/minute (Fig. 4B) . B/C complex was detected after a short lag (Fig. 4B) . Similar rates of formation of higher-order complexes were observed in the presence of PVA (data not shown).
To test the hypothesis that commitment to exon inclusion or exclusion coincides with A complex formation, reaction mixtures were preincubated in the absence of PVA and enriched in the E complex. Under these conditions, exon exclusion would be favored (Fig. 4A, lane 5) . When PVA is added during the chase, then two different outcomes could be expected depending on whether commitment had occurred or not. If inclusion is the preferred product, then the addition of PVA to the reaction mixture was able to switch splice site choice and commitment to pairing had not yet happened. However, if PVA addition does not alter the exon exclusion preference, then commitment occurred during the initial complex enrichment.
E complex enrichment of ␤G skip in the presence of PVA during the preincubation resulted in a preference for internal exon inclusion, while barely any excluded product was visible (Fig. 4A, lane 4) . In the absence of PVA, there is a preference for the excluded product (Fig. 4A, lane 5) . Indeed, enrichment of E complex preincubated in the absence of PVA, followed by a chase with PVA and ATP, resulted in a preference for exon inclusion (Fig. 4A, lane 6) , demonstrating that commitment to alternative exon inclusion did not occur during E complex formation. Since commitment did not coincide with E complex formation, short secondary incubations with ATP following E complex enrichment were carried out to analyze the kinetics of commitment during later complex formation. Over the time course of ATP addition prior to chase initiation, we observed a reduction in the preference of inclusion toward more efficient exon exclusion (Fig. 4A , lanes 7 to 10). As was observed for alternative 5Ј splice site selection, the observed rate of commitment to splice site pairing (0.14/minute Ϯ 0.02) was similar in magnitude to that of A complex formation (0.17/minute), and it occurred without a lag (Fig. 4B) . Furthermore, similar results were observed when 100 nM unlabeled ␤G skip was added to the reaction mixture (Fig. 4A, lanes 13 to 17, and B) . We conclude from these results that commitment to splice site pairing of this three-exon substrate occurred during A complex formation.
The timing of splice site pairing is independent of intron or exon definition. Previous studies demonstrated that the exon/ intron architecture influences the efficiency of splicing (10, 37) . When the intron length is less than 250 nucleotides, splice sites are recognized across the intron through intron definition (10) . When introns are longer than 250 nucleotides, splice sites are recognized across the exon. This exon definition mechanism may necessitate an extra step to pair splice sites (12) . For example, the test substrate fruF contains a long intron, and therefore this construct's splice sites are recognized through exon definition. To test the hypothesis that commitment to splice site pairing occurs prior to A complex formation if splice sites are recognized by intron definition, we investigated alternative exon inclusion for ␤G skip , which undergoes inclusion when PVA is present and exclusion when the molecular crowding agent is absent. The first intron of ␤G skip is 136 nucleotides long, while the second intron is 402 nucleotides long (Fig. 3A) . In our commitment assays described in Fig. 4 , preincubation conditions in the absence of PVA favored exon exclusion. Thus, splice sites in the absence of PVA were recognized through exon definition. To test whether intron definition permits splice site pairing to occur prior to A complex formation, we carried out a reverse chase, with preincubation conditions favoring exon inclusion in the presence of PVA. Under these conditions, the splice sites flanking the first intron are recognized through intron definition. After E complex enrichment in the presence of PVA, a chase reaction was initiated by reducing the PVA concentration from 4% to 1%, a change in concentration that favors internal exon exclusion (Fig. 5, compare lanes 1 and 3) . Importantly, when the E complex was enriched in the presence of 4% PVA and then diluted to 1% PVA, exclusion was the preferred product, similar to the case for reactions assembled in 1% PVA (Fig. 5, compare lanes 4  and 6) . This result demonstrated that commitment to introndefined splice site pairing did not occur in the E complex. When ATP was added to reaction mixtures prior to the chase initiation and left for 5, 10, 15, and 20 min, the preference for exclusion switched to inclusion over time, showing that commitment occurs in higher-order complexes, most likely the A complex (Fig. 5) . We conclude that commitment to splice site pairing does not occur prior to A complex formation when splice sites are recognized through intron definition.
The ATP requirement for splice site pairing. The transition from E to A complex requires ATP (27) . This transition also coincides with splice site pairing. To evaluate the ATP requirement during splice site pairing, we performed commitment assays using the pre-mRNA substrate fruF in the presence of the ATP analog ATP␥S. This analog is slowly hydrolysable and unlikely to support intron excision (28) . In agreement with this interpretation are observations that nuclear extracts supplemented with ATP␥S are splicing incompetent (38) (see Fig. S2 in the supplemental material). In the first set of experiments, spliceosomal complex formation was analyzed in the presence of ATP␥S. Splicing reactions using ATP␥S in place of ATP were resolved on native nondenaturing polyacrylamide gels. In agreement with published work, ATP-dependent spliceosomal complexes were able to form in the presence of ATP␥S (38) (Fig. 6A) . However, rate analyses indicated that ATP-dependent spliceosomal complexes accumulated approximately fourfold faster than when ATP␥S was the sole energy source. Interestingly, after a 30-min incubation, more than 50% of fruF pre-mRNAs were converted into higher-order complexes (Fig.  6B ). These observations are consistent with the hypothesis that slow hydrolysis of ATP␥S reduced the overall efficiency of spliceosomal assembly. An alternative interpretation is that A complex formation can occur without ATP hydrolysis, albeit at reduced rates. We conclude that in the presence of the ATP analog ATP␥S, ATP-dependent spliceosome complex formation is supported, although inefficiently.
To examine the role of ATP hydrolysis in splice site pairing, we carried out chase experiments in the presence of ATP␥S. If A complex formation alone is sufficient to commit splice sites, we would expect to see commitment occur with the formation of any higher-order complexes in the presence of ATP␥S. If a dedicated ATP hydrolysis is required to establish splice site pairing, we would expect to lose commitment in the presence of ATP␥S. To test the ATP requirement for splice site pairing, we used the same kinetic trap approach as described for Fig. 2 except that ATP␥S was added instead of ATP. A preincubation was initiated in ATP-depleted nuclear extract with the addition of ATP␥S. After 30 min, splicing was initiated by supplementing the reaction mixtures with ATP, cold ␤-globin competitor pre-mRNA to prevent the formation of new splicing complexes, and Tra/Tra2 if appropriate. In the absence of the splicing activators Tra/Tra2, cryptic 5Ј splice site selection predominates, similar to results when ATP was added (Fig. 6C,  lanes 1 and 4) . In the presence of Tra/Tra2, the female 5Ј splice site is preferentially selected, as expected (Fig. 6C, lanes 3 and  6) . Importantly, when Tra/Tra2 were added after the preincubation, the female-specific 5Ј splice site was preferentially used, indicating that at the time of the chase, commitment to splice site pairing was not established (Fig. 6C, lanes 2 and 5) . The small fraction that appears to be committed during this chase reaction (Fig. 6C , compare lane 2 with lane 3 or lane 5 with lane 6) is consistent with the observation that at the time of chase initiation, complex formation for some pre-mRNAs has progressed to the B complex (Fig. 6A) . At first glance, these results suggest that proper ATP hydrolysis is required to establish splice site pairing even though higher-order complexes had already formed. An alternative explanation for the results is that none of the higher-order complexes observed in the presence of ATP␥S are functional complexes and the splicing ratios obtained originated from pre-mRNAs that were assembled in the E complex at the time of chase initiation.
To evaluate if higher-order complexes assembled in ATP␥S are functional and to determine to what degree spliceosomal complexes stalled in the E complex contribute to the chase results, we carried out additional pulse-chase experiments. The kinetics of splicing were compared between reactions where a chase with ATP and cold competitor was initiated after E complex enrichment in the absence of any ATP, after preincubation with ATP, and after preincubation with ATP␥S (see Fig. S4 in the supplemental material) . The results show that only a small fraction of pre-mRNAs enriched in the E complex are chased to spliced products, whereas ATP or ATP␥S preincubations result in much more significant levels of splicing. Importantly, the kinetics of intron removal are comparable under all three conditions (see Fig. S4D in the supplemental material). Thus, the chase reaction does not alter the speed of intron removal, but it limits the fraction of pre-mRNAs that have appropriately assembled at the time of chase initiation. We conclude from this comparison that the higher-order complexes that are observed upon ATP␥S incubation are not dead-end complexes. However, these experiments do not indicate whether these higher-order complexes remodel prior to going on to execute intron removal. In summary, our experiments using the ATP analog ATP␥S are consistent with the interpretation that, independent of higherorder complex formation, splice site pairing requires a dedicated ATP hydrolysis event.
FIG. 5. Commitment to splice site pairing is independent of intron or exon definition. Results of chase reactions for ␤G skip enriched in E or A complexes in the presence of 1% or 4% PVA are shown. After "preincubation" in ATP-depleted extract, ATP and creatine phosphate was added to the indicated reactions for the corresponding amounts of time, referred to as "2nd preincubation." Reactions were "chased" by the addition of ATP and creatine phosphate and diluting the PVA concentration from 4% to 1%. Error bars represent the standard deviations from at least four independent experiments. The identity of splicing intermediates and products is indicated to the right. Quantitation of the exon inclusion/exclusion ratio is based on lariat formation and is graphed below each lane. The number below each bar is the mean value from four independent experiments.
DISCUSSION
In this study, we demonstrate that commitment to splice site pairing coincides with A complex formation. The timing of splice site pairing was investigated in the context of alternative 5Ј splice site selection and alternative exon inclusion. In both cases we determined when a splicing pattern is established by using a pulse-chase approach after the enrichment of spliceosomal intermediate complexes. By incubating pre-mRNAs in nuclear extracts depleted of ATP, it is relatively easy to enrich the earliest spliceosomal complex, the E complex. However, functional forms of the subsequent A, B, and C complexes are more difficult to accumulate because of the dynamic and ATPdependent transitions between assembly steps. In our approach to differentiate whether splice site pairing is established in the A complex or subsequent complexes, we took advantage of the stepwise transition from E to C complex. For example, B complex formation is observed only after a short lag because the preceding A complex needs to be formed prior to the stable association of the tri-snRNP, which is characteristic of the B complex (Fig. 1C, 2B, 3C, and 4B) . When comparing the kinetics of pairing commitment with the kinetics of higher-order complex formation, we were able to show that A complex formation is the spliceosomal assembly step that establishes functional splice site pairing. This conclusion is based on the argument that splice site pairing was observed to be efficient and, importantly, without a lag. Moreover, the observed rates of A complex formation, as determined from native gel analysis, and the rate of commitment to splice site pairing were virtually identical ( Fig. 2B and 4B ). In combination with our previous work (25) , these results show that commitment to splice site pairing occurs during A complex formation, regardless of the type of alternative splicing analyzed. These data indicate that during alternative splicing, the assembly pathways of the spliceosome converge to a common pathway, most likely defined after the stable association of the U2 snRNP with the branch point, which is characteristic for A complex formation. Once splice site pairing is firmly established, the remaining components of the splicing machinery associate and rearrange to allow the creation of a functional catalytic center around the paired splice sites.
It has been demonstrated that the efficiency and mechanism of splice site recognition depend on intron length (3, 10) . Splice sites flanking introns less than 250 nucleotides in length are typically recognized across the intron (intron definition), with spliceosomal components assembling around the intron that will be excised. Splice sites flanking long introns (Ͼ250 nucleotides) are recognized across the exon (exon definition). It is currently unknown how spliceosomal components assembled across exons are combined to define the intron that will be excised. However, one mechanistic difference between the two Because the A complex is characterized by stable U1 and U2 snRNP binding to the pre-mRNA, two models were considered for splice site pairing. In the first model, the loose association of the U2 snRNP in the E complex is transitioned into a stable association of the U2 snRNP with the branch point during A complex formation (Fig. 7A ). This step requires ATP hydrolysis to induce U2 snRNA conformational changes that permit stable interactions with the branch point (29) (30) (31) . It is possible that this snRNP rearrangement event alone is sufficient to establish splice site pairing by promoting direct or indirect interactions between components of the U1 and U2 snRNPs. Thus, splice site pairing could be a direct consequence of stable branch point/U2 snRNA interactions. An alternative model proposes a dedicated splice site pairing step after stable U2 snRNP binding to the branch point (Fig. 7B) . Considering that splice site pairing increases the order of the prespliceosomal complex, this step would be expected to require energy consumption. To differentiate between these models, we carried out pulse-chase experiments in the presence of ATP␥S, a slowly hydrolysable ATP analog. Although ATP␥S does not support intron removal, we and others (38) demonstrated that higher-order complexes form, albeit at reduced rates. Surprisingly, our kinetic trap experiments showed that splice site pairing was not established in these spliceosomal intermediate complexes. These results are consistent with For both pathways, ATP hydrolysis is required to lock U1 snRNP and U2 snRNP into close proximity. The 5Ј splice site is highlighted in black, and the 3Ј splice sites are in red. The arrows indicate potential interactions between the U2 snRNP and the pre-mRNA. the interpretation that a dedicated ATP hydrolysis step is required to functionally pair splice sites. Furthermore, these experiments suggest that the stable association of the U2 snRNP to the branch point and splice site pairing are separate steps during spliceosomal assembly. In this scenario U2 snRNP binding is expected to precede splice site pairing, because ATP␥S supports A complex formation without committing to splice site pairing (Fig. 6 ). While these arguments do not unequivocally prove the existence of a dedicated ATP hydrolysis step for splice site pairing, the results are more consistent with the second model of commitment to splice site pairing (Fig. 7B) .
Recent experiments demonstrated that in some cases regulation of alternative splicing can occur after E complex formation (5, 15, 36) . In two cases, it was shown that the presence of the splicing repressors prevented inclusion of an internal exon by stalling at the A complex (15, 36) . Thus, stable association of the U2 snRNP was observed; however, splice site pairing was not yet established. Most recently, RBM5 was identified as a regulator of fas exon 6 alternative splicing (5) . Similar to the case in other studies, RBM5 interfered with the transition from cross-exon to cross-intron interactions, even though U1 and U2 snRNPs were firmly associated with the regulated exon. It is plausible that the formation of these splicing regulatory complexes stabilizes interactions between U1 and U2 snRNPs across the exon, thereby interfering with the productive pairing of its splice sites across the neighboring introns (23) . In light of our proposal that a dedicated ATP hydrolysis step is required to establish splice site pairing, it is conceivable that this inhibition could be achieved through blocking the proposed ATP hydrolysis step for splice site pairing or through preventing snRNP rearrangements that may be necessary prior to splice site pairing across the intron. Regardless of the mechanism, our commitment assay results in the presence of ATP␥S support the notion that the spliceosome is equipped with multiple avenues to regulate alternative splicing.
Considering that only the U1 snRNP and U2 snRNP are stably associated with the pre-mRNA during A complex formation, components that make up these snRNPs are reasonable candidates to be involved in mediating commitment to splice site pairing. In addition, the ATP hydrolysis requirement suggests that ATPases are involved in this crucial step. Mass spectroscopy of purified A complex identified four proteins with ATPase activity, and all are part of the U2 snRNP (1, 11, 40) . The DEAD box ATPase hPrp5 emerges from this group as an attractive candidate that may be involved in mediating commitment to a splicing pattern. In addition to its role in regulating U2 snRNA secondary structure in yeast (29) (30) (31) , hPrp5 has been shown to immunoprecipitate both U1 and U2 (41) . In yeast, ATP hydrolysis by Prp5 has recently been shown to proofread U2 snRNP/branch point interactions, permitting only highly stable associations (42) . This function, however, appears to be less important in metazoans, where limited base pair interactions between U2 snRNA and the branch point are the norm (42) . Thus, it is possible that the role of Prp5 has evolved to facilitate cross-intron interactions between the U2 snRNP and components of the U1 snRNP, a proposal consistent with the low conservation of Prp5 from yeast to humans (40) . Besides its set of SM core proteins, the U1 snRNP contains only three factors, U1-70k, U1-A, and U1-C. While none of these components have been shown to hydrolyze ATP, U1-70k has been associated with the regulation of alternative splicing and with bridging the upstream 3Ј splice site through an interaction with the U2 auxiliary factor in the E complex. Thus, U1-70k may be the best U1 snRNP candidate to complete the cross-intron bridge with the U2 snRNP that establishes splice site pairing. Based on our conclusion that splice sites are functionally paired at the A complex, future experimental efforts will focus on determining the molecular basis for splice site pairing.
